Wnt/β-catenin signaling controls development and adult tissue homeostasis by regulating cell proliferation and cell fate decisions. Wnt binding to its receptors Frizzled (FZD) and low-density lipoprotein-related 6 (LRP6) at the cell surface initiates a signaling cascade that leads to the transcription of Wnt target genes. Upon Wnt binding, the receptors assemble into large complexes called signalosomes that provide a platform for interactions with downstream effector proteins. The molecular basis of signalosome formation and regulation remains elusive, largely due to the lack of tools to analyze its endogenous components. Here, we use internally tagged Wnt3a proteins to isolate and characterize activated, endogenous Wnt receptor complexes by mass spectrometry-based proteomics. We identify the single-span membrane protein TMEM59 as an interactor of FZD and LRP6 and a positive regulator of Wnt signaling. Mechanistically, TMEM59 promotes the formation of multimeric Wnt-FZD assemblies via intramembrane interactions. Subsequently, these Wnt-FZD-TMEM59 clusters merge with LRP6 to form mature Wnt signalosomes. We conclude that the assembly of multiprotein Wnt signalosomes proceeds along well-ordered steps that involve regulated intramembrane interactions.
Wnt/β-catenin signaling controls development and adult tissue homeostasis by regulating cell proliferation and cell fate decisions. Wnt binding to its receptors Frizzled (FZD) and low-density lipoprotein-related 6 (LRP6) at the cell surface initiates a signaling cascade that leads to the transcription of Wnt target genes. Upon Wnt binding, the receptors assemble into large complexes called signalosomes that provide a platform for interactions with downstream effector proteins. The molecular basis of signalosome formation and regulation remains elusive, largely due to the lack of tools to analyze its endogenous components. Here, we use internally tagged Wnt3a proteins to isolate and characterize activated, endogenous Wnt receptor complexes by mass spectrometry-based proteomics. We identify the single-span membrane protein TMEM59 as an interactor of FZD and LRP6 and a positive regulator of Wnt signaling. Mechanistically, TMEM59 promotes the formation of multimeric Wnt-FZD assemblies via intramembrane interactions. Subsequently, these Wnt-FZD-TMEM59 clusters merge with LRP6 to form mature Wnt signalosomes. We conclude that the assembly of multiprotein Wnt signalosomes proceeds along well-ordered steps that involve regulated intramembrane interactions.
Wnt signaling | signalosome | Frizzled | multimerization | protein-protein interactions W nt/β-catenin signaling controls stem cell maintenance, cell proliferation, and cell fate decisions during development, tissue homeostasis, and regeneration. In healthy tissues, signaling strength is tightly controlled by extensive feedback mechanisms. Inappropriate pathway activation due to mutations leads to excessive tissue growth and is strongly linked to cancer formation. Central to the signaling events in the Wnt/β-catenin cascade is the proteolytic regulation of the transcriptional coactivator β-catenin (1-3). In the absence of Wnt, a cytosolic destruction complex, composed of the scaffolds Axin and adenomatous polyposis coli and kinases GSK3β and CK1, phosphorylates β-catenin to earmark it for rapid proteasomal degradation (4) (5) (6) (7) (8) .
Binding of Wnt to its receptors Frizzled (FZD) and low-density lipoprotein-related 6 (LRP6) initiates a series of molecular rearrangements that converge on the inhibition of β-catenin proteolysis (9) . As a result, β-catenin accumulates in the cytosol and migrates to the nucleus to activate target gene expression (1, 2) .
Wnt stimulation induces the receptors to assemble into large and highly dynamic protein assemblies termed signalosomes (10) (11) (12) (13) . Such signalosomes markedly increase local concentrations of signaling proteins, which enhances avidity for low-affinity interactors and improves the temporal and spatial regulation of signaling amplitude. In current models, the formation of higherorder complexes is initiated via binding of Wnt, which bridges the extracellular domains of the seven-span FZD and single-span LRP6 coreceptors (14) . In a next step, the cytosolic effector protein Dishevelled (Dvl) is recruited via interaction of its DEP domain with a discontinuous cytosolic binding surface in FZD (11, 15) . The resulting increase in local Dvl concentration triggers the formation of swapped-DEP dimers that enable selfpolymerization of Dvl via its weakly interacting DIX domains (11) . In turn, Dvl DIX multimers license the recruitment of Axin through heterotypic interactions with the Axin DIX domain (16) . The locally increased concentrations of Axin and its associated kinases facilitate the phosphorylation of PPPSPxS/T motifs in the LRP6 cytosolic tail (17) . These phosphorylated motifs provide additional high-affinity docking sites for Axin and mediate subsequent inhibition of GSK3 kinase activity (18) (19) (20) . Collectively, these events lead to the stabilization of β-catenin.
Over recent years, the Wnt receptor complex has emerged as a key node for signaling regulation. In stem cells, the membranebound E3 ligases RNF43 and ZNRF3 down-regulate signaling via ubiquitination, internalization, and subsequent lysosomal degradation of FZD (21, 22) . This negative regulation is counterbalanced Significance Wnt/β-catenin signaling is crucial for adult homeostasis and stem cell maintenance, and its dysregulation is strongly associated to cancer. Upon Wnt binding, Wnt receptors assemble into large complexes called signalosomes that provide a platform for interactions with downstream effector proteins. The assembly and regulation of these signalosomes remains largely elusive. Here, we use internally tagged Wnt ligands as a tool to isolate and analyze the composition and regulation of endogenous Wnt receptor complexes. We identify a positive regulator of Wnt signaling that facilitates signalosome formation by promoting intramembrane receptor interactions. Our results reveal that the assembly of multiprotein Wnt signalosomes proceeds along wellordered steps and involves regulated intramembrane interactions.
by R-spondin and its receptor Lgr5 that capture RNF43/ZNRF3 away from the Wnt receptors to permit augmented levels of Wnt signaling required for stem cell maintenance (21, (23) (24) (25) . Additionally, the deubiquitinating enzymes UBPY and USP6 may promote the recycling of endocytosed FZD back to the surface and restore Wnt signaling (26, 27) . Another important negative regulator is the Wnt antagonist Dickkopf that uses the Kremen receptor to rapidly capture and remove phosphorylated LRP6 from the cell surface via induced endocytosis (28, 29) . Notably, endocytosis might also exert positive effects on Wnt signaling (30, 31) . Recent models suggest that the increased concentration of receptors in either clathrin-coated pits or lipid rafts may promote local protein-protein interactions required for signalosome formation (32) .
Despite tremendous progress, we are still lacking a comprehensive understanding of signalosome formation, composition, and regulation. Progress to address this issue has been hampered by the lack of molecular tools to isolate and analyze endogenous Wntbound components. Here, we used an active, internally tagged Wnt3a variant that allowed for the detection and isolation of Wntbound receptors. Utilizing this molecular tool, we investigated the Wnt receptor interactome by mass spectrometry-based proteomics and identified the class I transmembrane (TM) protein TMEM59 as a regulatory Wnt signaling component. We show that TMEM59 facilitates FZD oligomerization via intramembrane interactions. Incoming Wnts first bind these preassembled FZD clusters, after which LRP6 is recruited to form large, mature signalosomes to initiate full-blown Wnt signaling. Thus, we identify TMEM59 as a modifier of Wnt signaling that promotes the formation of multimerized FZD building blocks that assemble into larger signalosomes to potentiate Wnt signal transduction.
Results
Internally Flag-Tagged Wnt3a Binds to FZD5 and LRP6 and Activates Wnt Signaling. To identify regulators of Wnt signalosome formation, we set out to examine the composition of the endogenous Wnt receptor interactome by using tagged Wnt3a proteins that remain signaling competent. We inserted a Flag-tag in a flexible region of murine Wnt3a that is nonconserved and mapped opposite to the FZD binding domain ( Fig. 1 A and B and ref. 33 ). Previously, we have shown that mice carrying an HA tag knock-in at the same position in Wnt3 are fertile and viable, indicating full retention of functional Wnt3 protein activity (34) . Like wild-type Wnt3a (35) , the Wnt3a-iFlag protein was efficiently secreted from transfected L cells, allowing us to produce conditioned media that activate Wnt/β-catenin signaling in HEK293T cells ( Fig. 1 C and  D) . To verify that Wnt3a-iFlag interacts with its cognate receptors, we incubated HEK293T cells overexpressing V5-FZD5 and Myc-LRP6 with Wnt3a-iFlag-conditioned medium (Wnt3a-iFlag-CM) for 3 h before lysis. We chose to stimulate cells for 3 h to allow for robust formation of signalosomes before commencing with signalosome isolation (10) . Subsequent anti-Flag pulldown experiments clearly revealed coprecipitation of both FZD5 and LRP6 with Wnt3a-iFlag (Fig. 1E, lane 4) . As expected, Wnt3a-iFlag selectively interacted with the mature, fully glycosylated receptor forms present at the cell surface, but not with the immature forms that were derived from the endoplasmic reticulum (ER) (22) (Fig. 1E, lane 4) . Furthermore, sequential immunoprecipitation of Wnt3a-iFlag and Myc-LRP6 from lysates of Wnt3a-iFlag-stimulated cells confirmed the formation of a Wnt3a/FZD5/ LRP6 complex (Fig. 1F) . Importantly, Wnt3a-iFlag also bound to nontransfected cells, indicating its feasible use for the detection of endogenous Wnt receptors (Fig. 1E, lane 3) . Together, our results show that Wnt3a-iFlag is secreted from L cells, forms a complex with FZD5 and LRP6, activates Wnt signaling, and can be used to isolate endogenous Wnt receptors.
Examination of the Endogenous Wnt3a Interactome. To examine constituents of endogenous Wnt receptor complexes, we stimulated HEK293T cells with Wnt3a-iFlag for 3 h and investigated the interactomes of immunoprecipitated, activated receptors.
For comparison, we included HEK293T cells overexpressing FZD5 and LRP6, to enrich for Wnt receptor complexes and associated factors, while cells stimulated with untagged Wnt3a served as a negative control (Fig. S1 ). Wnt3a-iFlag-bound proteins were analyzed by using mass spectrometry-based proteomic analysis, yielding a total of 1,883 identified proteins. Of these hits, we detected 217 proteins that were identified with at least two unique peptides and displayed a twofold or greater enrichment in the overexpression sample compared with the control. Among these 217 hits, several core Wnt receptor complex components and previously reported Wnt pathway modifiers were present, including LRP5, FZD5, FZD8, WLS, Wnt5A, CKAP4, ATP6V1A, Flot2, EDD1, and RACK1 (Dataset S1, highlighted in green; refs. [36] [37] [38] [39] [40] [41] . Hence, the Wnt3a-iFlag protein provides a robust tool to isolate and investigate endogenous Wnt-associated protein complexes and identify potential Wnt pathway modifiers.
TMEM59 Interacts with the Wnt Receptors and Potentiates Wnt/ β-Catenin Signaling. To investigate the role of TM interactors, we focused on a subset of 43 proteins with predicted TM domains for further investigation. We used siRNA pools (composed of four independent siRNAs) to deplete the corresponding gene products in HEK293T cells and investigate consequences for Wnt3a-induced cellular responses using a TOP-flash luciferase reporter assay (42) . The results uncovered 17 TM proteins as potential Wnt pathway modifiers, based on a threshold of 35% signal enhancement or repression compared with samples subjected to control siRNAs (Fig. 1G) . To confirm the regulatory effect of these 17 candidates, we used the individual nonoverlapping siRNAs and assessed their effects on Wnt signaling. For eight membrane proteins, three or more individual siRNAs reproduced the results derived from the siRNA pool (Tables S1-S3) .
The type I single-span TM protein TMEM59 that associated with both endogenous and overexpressed Wnt receptor complexes (Dataset S1, highlighted in orange), provided one of the most promising hits. Depletion of TMEM59 by multiple nonoverlapping siRNAs substantially reduced Wnt3a-induced signaling in HEK293T cells ( Fig. 2 A and B and Fig. S2A ), while its overexpression potentiated responses to Wnt3a in a dosedependent manner (Fig. 2C) . Notably, both the potency and efficacy of Wnt signaling responses was increased by TMEM59 (Fig. 2D) . Thus, we identify TMEM59 as a positive regulator of Wnt/β-catenin signaling.
The association of TMEM59 with Wnt3a-iFlag-bound complexes suggests that the protein interacts with Wnt receptors. Indeed, TMEM59 robustly interacted with both FZD5 and FZD4 in coimmunoprecipitation experiments and remained unaffected by Wnt3a stimulation (Fig. 2E and Fig. S2B ). In addition, TMEM59 coprecipitated with the coreceptor LRP6 (Fig. 2F) . Two unrelated TM proteins, EGFR and LAIR1, did not bind TMEM59 (Fig.  S2C) . We conclude that TMEM59 associates with the canonical Wnt receptor complex.
The earliest known Wnt-induced signaling step involves the binding of FZD to the cytosolic effector protein DVL (43) (44) (45) . To assess whether TMEM59 promotes Wnt signaling in a FZDdependent manner, we overexpressed the E3 ligase RNF43, which was previously shown to efficiently remove FZD5 from the cell surface (22) . In parallel, we overexpressed a dominant negative fragment of DVL1 (DVL1-DEP-C) that blocks Wnt-mediated signal relay via the cytosolic domains of FZD (15) . TMEM59 was unable to enhance signaling in the presence of either of these proteins ( Fig. 2 G and H) , indicating that TMEM59 depends on FZD-DVL signaling for its Wnt signaling potentiating role.
TMEM59-Induced Alterations in FZD5 Glycosylation Do Not Affect Wnt
Signal Relay. Given the described inhibitory role of TMEM59 on the glycosylation of amyloid precursor protein (APP) (46), we wondered if TMEM59-mediated alterations in the glycosylation pattern of FZD5 may influence Wnt signaling outcome. Indeed, pulse-chase experiments showed that TMEM59 coexpression inhibited the modification of FZD5 with complex glycans (Fig. S3A ).
FZD5 turnover rates, however, remained unaffected (Fig. S3B) . Using enzymes that selectively removed either high-mannose (EndoH) or all N-glycans (PNGaseF) from substrate proteins, we confirmed that the majority of FZD5 in TMEM59 coexpressing cells is modified with high mannose (EndoH-sensitive fraction) and failed to acquire complex glycosylation (EndoHresistant fraction) ( Fig. S3 C and D) . Thus, TMEM59 prevents Golgi-dependent complex glycosylation of FZD5.
Next, we assessed the consequences of TMEM59-mediated alterations in FZD5 glycosylation for Wnt signaling. FZD5 trafficking to the plasma membrane (PM) proceeded at similar rates in control and TMEM59-coexpressing cells, as determined by comparing the cell surface-localized fraction to the total pool of intracellular FZD5 (Fig. S4A ). In addition, binding of Wnt3a-iFlag to cell surface-expressed FZD5 was unaffected by TMEM59 expression (Fig. S4B) . Moreover, FZD5 variants that lacked N-glycosylation sites (N47Q/N151Q) were equally active as wildtype FZD5 in luciferase reporter assays and were still responsive to TMEM59-induced Wnt pathway potentiation ( Fig. S4 C and D) . Of note, such N47Q/N151Q FZD5 variants were no longer sensitive to the N-glycosylation inhibitor Swainsonine (SWA), indicating removal of all N-glycosylation sites (Fig. S4E) . Finally, SWA or the O-glycosylation inhibitor benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (BADGP) did not cause substantial alterations in Wnt responses, and TMEM59 was still able to enhance Wnt signaling in these cells (Fig. S4 RPN2  OPRS1  DAD1  SEC61A1  GPSN2  NUP210  ITM2B  CANX  ALDH3A2  SURF4  RPN1  ASPH  ATP1B3  SLC38A1  SLC1A5  DHCR7  USMG5  TMP21  ATP1A1  ATP10B  FZD5  MLSTD2  ITM1  HLA-A  NCKAP1  SLC3A2  CKAP4  SLC35F2  SPTLC1  ABCD3  C14ORF9  SRPRB  SCAMP3  LRP5  FLJ20422  SMBP  ATP2A2  TMEM33  HSPC163  FZD8  LRP6  GAPDH  GAPDH  GAPDH 
Relative luciferase activity signal relay and therefore does not explain the potentiating effect of TMEM59 on Wnt signaling.
TMEM59 Is Cointernalized with the Canonical Wnt Receptors FZD5 and LRP6. Next, we examined the subcellular compartments in which TMEM59 engages Wnt receptors using cryo-immunoelectron microscopy (immuno-EM) and confocal microscopy. TMEM59 showed a wide distribution among various membrane compartments including ER and Golgi, as well as endosomes and lysosomes ( Fig. S5A and ref. 47) . In HEK293T cells coexpressing TMEM59 and FZD5, we observed substantial colocalization of both proteins in both biosynthetic and endocytic compartments (Fig. 3A) . These findings suggest that TMEM59 already forms a complex with FZD5 in early biosynthetic stages. To investigate this issue, we treated cells with Brefeldin A to block ER exit of both proteins ( Fig. S5 B and C and ref. 48 ). Under these conditions, TMEM59 and FZD5 readily coprecipitated (Fig. 3B ). To investigate whether TMEM59 associates with FZD5 at the PM, we used SNAP-V5-tagged FZD5 (SNAP-V5-FZD5) that allowed for selective cell surface labeling of FZD5 by using a membrane-impermeable biotinylated SNAP probe (22) . Streptavidin pull-down experiments of HEK293T cell expressing both SNAP-V5-FZD5 and HA-TMEM59 showed that TMEM59 resides in a complex with cell surface localized SNAP-V5-FZD5 (Fig. 3C) . Thus, TMEM59 forms a complex with FZD during or immediately after ER biosynthesis and remains associated with FZD after its arrival at the PM.
To investigate whether TMEM59 cointernalizes with active Wnt-bound receptors, we used SNAP-tagged FZD5 and CLIPtagged LRP6 receptors that allowed for selective fluorescent labeling at the cell surface and subsequent monitoring of internalization and subcellular trafficking (22) . First, cells expressing both SNAP-FZD5 and HA-TMEM59 were labeled with a membrane-impermeable fluorescent SNAP probe and incubated with Wnt3a-iFlag for 3 h. During this period, Wnt3a-iFlagbound FZD5 receptors cointernalized with TMEM59 and accrued in peripheral endocytic compartments (Fig. 3D) . In addition, cell surface-labeled CLIP-LRP6 accumulated together with both FZD5 and TMEM59 in similar endocytic structures after a chase of 3 h (Fig. 3E) . Together, these findings argue that TMEM59 encounters and associates with FZD5 at an early stage after biosynthesis, in the ER. After arrival at the cell surface, a pool of TMEM59 remains associated with FZD and cointernalizes with the active, Wnt3a-bound receptor complex.
The TMEM59 TM Domain Mediates Wnt Signaling Potentiation. To identify the region of TMEM59 that is responsible for Wnt pathway potentiation, we generated multiple truncated TMEM59 variants and determined their ability to enhance Wnt signaling (Fig.  4A ). C-terminal truncations showed that the entire intracellular domain was dispensable for signal amplification. By contrast, progressive truncations that also removed the TM domain fully abrogated the enhancing effect of TMEM59 on Wnt signaling (Fig. 4B) . Subsequently, truncations starting from the N terminus revealed that the largest part of the extracellular region of TMEM59 could be removed as well without any consequence for its Wnt potentiating effect (Fig. 4C) . By truncating both the N and C termini, we mapped the Wnt-potentiating activity of TMEM59 to an 8-kDa fragment (amino acids 190-264), which includes the TM domain and a short 49-aa extracellular sequence (Fig. 4D) .
The above experiments suggest a potential role of the TM domain of TMEM59 in regulating Wnt receptor activity. To investigate the contribution of the TM domain in more detail, we designed a chimeric TMEM59 protein that harbors the TM domain of CD7, an unrelated protein ( Fig. 4A; TMEM59-CD7 ). Subcellular distribution, colocalization with FZD5, and presence at the PM of TMEM59-CD7 was indistinguishable from wild-type TMEM59, both in the presence and absence of Wnt3a (Fig. S6) . Strikingly, however, the TMEM59-CD7 mutant was no longer able to potentiate Wnt signaling, suggesting an important functional role for the TM domain (Fig. 4E) . In strong agreement, the interaction of TMEM59-CD7 with FZD5 was largely abolished (Fig. 4F) . Thus, these results revealed that intramembrane interactions with FZD5 underlie TMEM59-mediated Wnt signaling potentiation.
TMEM59 Facilitates the Assembly of Wnt Receptors in Higher-Order
Complexes. In current models, oligomerization of Wnt receptors is central to signalosome formation and largely mediated by selfassociation of interaction effector proteins such as Dvl (10, 11) . As TMEM59 associates with FZD5, but does not alter its overall surface expression or levels of Wnt binding (Fig. S4 A and B) , we reasoned that TMEM59 might facilitate the assembly of Wnt receptors into oligomeric structures. Coimmunoprecipitation experiments indeed revealed strong self-associating properties of TMEM59 (Fig. 5A) . Moreover, the interaction of SNAP-and V5-tagged FZD5 was enhanced in the presence of TMEM59, in a Wnt-independent manner (Fig. 5B ). In addition, increased selfassociation of FZD5 via TMEM59 occurred at the PM (Fig. 5C) .
To obtain information on the size and composition of Wntbound receptor complexes, we stimulated FZD5-and LRP6-overexpressing HEK293T cells with Wnt3a-iFlag for 3 h and, after lysis, isolated Wnt-associated receptor complexes using Flagimmunoprecipitation. Following elution with Flag peptides, we used 2D blue-native PAGE and SDS/PAGE (BN/SDS/PAGE) to analyze the size range of the isolated Wnt-bound complexes (49) . Thus, in the first dimension, Coomassie-charged native protein complexes were PAGE-separated based on complex size, while in the second dimension, denaturing conditions allowed for analysis of individual subunits by using conventional SDS/PAGE. In cells that were not transfected with TMEM59, Wnt3a-iFlag-bound FZD5 receptors were enriched in complexes ranging from 400 to 500 kDa as well as 700 kDa to 1.5 MDa (Fig. 5D) . Upon TMEM59 co-overexpression, both complexes shifted to a highermolecular-mass range (Fig. 5D, red markings) . The large overlap in size distribution of Wnt3a-and FZD5-based complexes indicated that the largest fraction of precipitated Wnt was bound by FZD5 (Fig. 5D) . Full-blown Wnt signaling requires activation of both FZD and LRP6 coreceptors (10, 50, 51) . Notably, LRP6 was only detected in complexes with a high molecular mass range (>1 MDa). Together, these findings indicate that after initial formation of Wnt-FZD complexes, mature Wnt-FZD-LRP6 signalosomes are formed and accumulate in the highest molecular mass fraction (Fig. 5D, red markings) . Indeed, these highmolecular-mass complexes also contained phosphorylated S1490 LRP6 (pLRP6), a hallmark of Wnt pathway activation (Fig. 5D and Fig. S7A) (10, 32, 52, 53) . In TMEM59-coexpressing cells, LRP6-containing complexes displayed a slight but consistent shift in molecular mass as well. Although we used Wnt3a-iFlag to isolate the receptor complex, and TMEM59 itself does not detectably bind Wnt3a (Fig. S4B) , we noted that a low-molecular-mass fraction of TMEM59 did not comigrate with FZD or LRP6 (Fig. 5D and Fig. S7B) . A likely explanation is that TMEM59 partially dissociates from receptor complexes during detergent-based lysis and complex isolation. As an alternative method to analyze the consequences of TMEM59 expression for Wnt receptor signalosome formation, we used sucrose gradients, as described (10). Whole-cell lysates of Wnt3a-treated cells that overexpress FZD5 and LRP6 were separated on a linear sucrose gradient of 10-40%. In agreement with the above findings, a fraction of the total pool of cellular FZD and LRP6 complexes shifted toward higher molecular mass in TMEM59-expressing cells (Fig. S7 C-E, lanes 6-8) .
Next, we aimed to assess if TMEM59 also modulates the size distribution of endogenous, native Wnt receptor complexes by BN/SDS/PAGE (Fig. 5E ). In the absence of TMEM59 overexpression, Wnt-bound complexes were enriched in complexes of ∼150-200 kDa as well as in complexes of >800 kDa (Fig. 5 E, Upper) in a pattern resembling that of FZD5-and LRP6-overexpressing cells. Again, the relative distribution of Wnt3a-bound complexes clearly shifted toward a higher molecular mass when TMEM59 was overexpressed (Fig. 5 E, Lower and Fig.  S7B ). Thus, TMEM59 promotes the formation of large higherorder molecular-mass Wnt receptor complexes. Together, these results show that TMEM59 promotes the assembly of active signalosomes by facilitating the formation of higher-order Wnt/FZD complexes that subsequently can interact with LRP6.
Discussion
The molecular mechanisms underlying the assembly of Wnt receptors into higher-order signalosomes and the regulation of this process at the endogenous level remain important, but poorly understood, issues. Here, we used a modified Wnt ligand to isolate endogenous, activated Wnt receptor complexes and identify Wnt receptor-associated components using a mass spectrometrybased proteomics approach. We identified multiple known core components of the Wnt receptor complex, confirming robustness of the method. Our results reveal a strong preference of Wnt3a to bind FZD5 and FZD8, while no binding was found for FZD1, FZD2, and FZD3 that are known to be expressed in HEK293T cells as well (22, 54) . In addition, we identified several proteins that were previously implicated in the regulation of Wnt signaling amplitude, including RACK1, CKAP4, and the E3 ligase EDD1 (38, 40, 41) .
We set out to improve our understanding of the regulation of Wnt receptor complex assembly and activity by focusing on TM proteins associated with the Wnt receptor complex. We identified the single-span TM protein TMEM59 as an interactor of the FZD receptor and a positive regulator of FZD-Dvl mediated Wnt signal relay. In search of the underlying mechanism, we first investigated the role of known molecular activities of the TMEM59 protein. Initially, TMEM59 was identified as a ubiquitous modulator of complex glycosylation of APP, inhibiting its shedding via Golgi retention (46) . Although we show that TMEM59 expression also diminishes glycan modification of FZD, we were unable to link these glycosylation alterations to the Wnt-potentiating activity of TMEM59. In addition, TMEM59 was reported to induce unconventional autophagy in response to bacterial infection and to promote apoptotic cell death in neuronal cells (47, 55, 56) . Both these functions require the TMEM59 intracellular domain that is dispensable for its role in Wnt signaling. Thus, we conclude that the mechanism underlying TMEM59-mediated potentiation of Wnt signaling relies on a previously undescribed molecular activity of the protein. We noted that TMEM59 forms a complex with FZD at early stages during biogenesis. Both proteins were found to be associated upon their arrival at the PM as well as during endocytosis and their trafficking to late endosomal compartments. Moreover, we mapped both the FZD interacting and Wnt enhancing activities of TMEM59 to its TM domain, indicating that TMEM59 promotes Wnt responses via intramembrane interactions with FZD. In agreement with these findings, the TM domain of TMEM59 appears strongly conserved across evolution compared with other type-I TM proteins (47) , signifying an additional functional role besides anchoring the protein to the membrane.
To uncover the consequences of TMEM59 binding for Wnt signaling initiation, we used BN/SDS/PAGE to portray the size and composition of Wnt-activated receptor complexes. Introduction of TMEM59 in cells readily favored the formation of enlarged Wnt-FZD assemblies. This is illustrated by the prominent shift of Wnt-bound receptor complexes to a higher molecular mass upon overexpression of TMEM59, both at the endogenous level as well as in cells overexpressing FZD5 and LRP6. In receptor overexpression experiments, we identified a substantial fraction of Wnt-FZD5 complexes of 500-600 kDa that did not yet interact with LRP6. This suggests that the Wnt-FZD5 complex formation precedes the recruitment of LRP6, which is only present in Wnt-FZD5 complexes in a considerably higher-molecular-mass size range, ∼1-1.5 MD. The well-demarcated presence of phosphorylated LRP6 in this region suggests that these high-molecularmass complexes represent mature Wnt signalosomes (10) . BN/ SDS/PAGE analysis upon Wnt ligand-mediated isolation of Wnt receptor complexes thus provides a read-out for the assembly of endogenous signalosomes. How does TMEM59 mediate enhanced Wnt receptor clustering at the molecular level? First, we show that TMEM59 is able to selfassociate. Second, TMEM59 robustly interacts with FZD5 and promotes the interaction between different FZDs, both in the absence and presence of Wnt. Similar to other G-protein-coupled receptors (GPCRs) (57), FZDs are able to form dimers or multimers (58, 59) . Moreover, forced dimerization of xFZD7 via extracellular protein interfaces induced Wnt/β-catenin signaling in Xenopus (60), further highlighting the importance of FZD multimerization for canonical signaling. Multiple ways of FZD dimerization have been described. Two recent studies showed that the lipid moiety of Wnt can bridge two cysteine-rich domain (CRD) monomers via binding to a discontinuous lipid-binding groove of two adjacent CRDs, thereby facilitating FZD dimerization (61, 62) . Besides ligand-dependent dimerization, several FZDs dimerized in a ligand-independent manner at early stages during biosynthesis in the ER (59) . For this mode of dimerization, both the CRD and cytosolic tail are dispensable, consistent with a role of TM domainmediated interactions. Indeed, recently the TM domains IV and V were implicated in FZD6 dimerization (63) , similar to what was shown for the Smoothened receptor (64, 65) . Notably, homodimerization and heterodimerization via TM domains were described for several other GPCRs (57, (66) (67) (68) . The molecular basis of ligand-independent FZD dimerization and its dependency on auxiliary proteins in the membrane remains unknown.
Here, we show that the single-span protein TMEM59 induces ligand-independent FZD5 multimerization via heterotypic intramembrane interactions immediately following synthesis of both proteins in the ER. A similar mode of action was described for the family of tetraspanins that consists of a special class of membrane proteins that facilitate clustering of their associated proteins via intramembrane domains. A striking example is TSPAN12, a TM protein that potentiates Norrin-mediated, but not Wnt-mediated, signaling of FZD4 via the induction of intramembrane receptor multimerization (69) . FZD oligomerization via TM interactions therefore appears to be a means to boost signaling in different systems, while retaining ligand dependency and specificity. Emerging evidence suggests that Wnt-induced signalosome formation depends on multiple protein interactions that bridge both the extracellular and intracellular interfaces of the receptor complex (70, 71) . At the extracellular side, Wnt proteins facilitate dimerization of the receptors, while the recruitment of multimerizing adaptor proteins to intracellular receptor interfaces further facilitate the formation of higher-order assemblies. Our results here reveal that intramembrane interactions provide additional anchor points for Wnt receptor clustering and signaling amplification. In our summarizing model, TMEM59 drives the preassembly of multimerized FZD5 complexes in the ER, after which the complex traffics to the cell surface (Fig. 6) . Incoming Wnts first interact with these preassembled FZD5 complexes at the PM to form low-molecular-mass Wnt-FZD5-TMEM59 complexes. These complexes are poised for engagement with LRP6 and continue to form high-molecular-mass mature Wnt-FZD5-TMEM59-LRP6 signalosomes that now acquire full signaling activity, recruit downstream effectors, and drive LRP6 phosphorylation. Thus, we propose that signalosome formation proceeds along well-ordered steps in which initially formed Wnt-FZD building blocks assemble into larger Wnt-FZD5-LRP6 signaling units. By applying a range of Wnt concentrations, we show that TMEM59 increases both the potency and efficacy of cellular Wnt responses. At the same time, levels of Wnt binding to its receptors remain unaffected by TMEM59 expression. Together, these data suggest that signaling efficiency of Wnt-bound receptors is increased by TMEM59.
In what biological context might TMEM59-mediated regulation of Wnt signaling play a role? To address this issue, the following points will need to be considered. First, the expression level of TMEM59 varies among tissues, which might affect its role in Wnt signaling regulation in different tissue contexts (47) . Second, the molecular activity of TMEM59 might display redundancy with the highly homologous gene TMEM59-like (TMEM59L) (56) . Third, in contrast to core Wnt pathway components, a sensitized genetic background might be required for gene deletion approaches to reveal the biological role of TMEM59, as shown for other recently identified Wnt signaling modifiers (72) (73) (74) . Nonetheless, our findings predict that enhanced expression of TMEM59 in cells potentiates responses to Wnt. Interestingly, amplification of TMEM59 was recently reported in a significant fraction of neuroendocrine prostate cancers (75) , for which alterations in Wnt receptor signaling have emerged as a key pathway for cancer progression (76) . Whether TMEM59 overexpression sensitizes these cancer cells to Wnts produced by surrounding stromal cells to promote cell growth and survival deserves further investigation.
In summary, we demonstrate the application of internally tagged Wnt ligands as a tool to isolate and analyze the composition and regulation of endogenous Wnt receptor complexes. By means of this tool, we identified a positive regulator of Wnt signaling that facilitates signalosome formation by promoting intramembrane interactions. Our findings thus reveal a regulatory step in the assembly of higher-order Wnt receptor complexes and highlight the underlying protein interactions as key targets for pathway regulation.
Materials and Methods
DNA Constructs and Reagents. Murine V5-FZD5 (77), murine SNAP-FZD5 (22), human RNF43-2xFlag_2xHA (22) , murine Flag-DVL-DEP-C (15), and human TMEM59-GFP were described (47) . Human myc-LRP6 was a gift from C. Niehrs, Institute of Molecular Biology, Mainz, Germany; human EGFR-GFP was a gift from P. van Bergen en Henegouwen, University of Utrecht, Utrecht, The Netherlands; human LAIR1a-GFP was a gift from L. Meyaard, University Medical Center Utrecht, Utrecht, The Netherlands; the LRP6 chaperone MESD was a gift from B. C. Holdener, Stony Brook University, Stony Brook, NY; and human TMEM59 and HA-TMEM59 were a gift of S. Lichtenthaler, Ludwig-Maximilians University Munich, Munich (46) . HA-TMEM59-CD7 was generated by replacing the TMEM59 TM domain by that of human CD7 via standard PCR methods. Murine SNAP-V5-FZD5 was generated by placing the SNAP domain derived from an nSNAP construct (Bioke) between the mouse MHC class I H2-K b signal sequence and a V5-tag of murine V5-FZD5 into pcDNA4T/O (Invitrogen). Flag-FZD5 was generated by cloning a Flag-tag between the H2-K b signal sequence and mature murine FZD5. FZD5-GFP was generated by cloning a GFP-tag after the C terminus of murine FZD5. CLIP-LRP6 (human) was generated by placing CLIP (Bioke) between the H2-K b signal sequence and mature human LRP6. Cterminally truncated HA-TMEM59 constructs were generated by the introduction of a stop codons by using site-directed mutagenesis. N-terminally truncated HA-TMEM59 constructs were generated by PCR amplification of the indicated constructs using N-terminal primers containing an HA tag and subcloning of the amplified regions after the H2-K b signal peptide in pcDNA4T/O. Wnt3a-iFlag was generated by overlap-extension PCR and subcloning into pcDNA4T/O. At later stages of this study, we obtained a functional N-terminal Flag-tagged Wnt3a as well, which was used for some replicates. This variant was generated by inserting a Flag-epitope tag between the native signal sequence and the first mature codon of murine Wnt3a. This variant displayed comparable activity as wild-type Wnt3a protein and faithfully copied results obtained with Wnt3a-iFlag. LRP6 was always coexpressed with its chaperone MESD. The following antibodies were used: mouse and rabbit anti-Flag (Sigma), rat anti-HA (3F10; Roche), mouse anti-V5 (Life Technologies), rabbit anti-V5 (Sigma), mouse anti-myc (9E10; Sigma and produced from hybridoma), rabbit anti-LRP6 (Cell Signaling Technologies), rabbit antiphosphorylated LRP6 pS1490 (Cell Signaling Technologies), rabbit anti-SNAP (Bioke), mouse anti-GFP (Sigma-Aldrich), and mouse anti-actin (MP Biomedicals).
Cell Culture and Transfection. Human embryonic kidney 293T (HEK293T) cells (ATCC CRL-3216) were cultured in RPMI GlutaMAX (Invitrogen) supplemented with 10% FBS (GE Healthcare) and 100 units/mL penicillin and 100 μg/mL streptomycin (P/S; Invitrogen). L cells (ATCC CRL-2648) were cultured in DMEM containing 1 g/L glucose (Life Technologies), supplemented with 10% FCS and P/S. All cells were maintained at 37°C in 5% CO 2 . L cells stably expressing and secreting Wnt3a or Wnt3a-iFlag were cultured in the presence of 125 μg/mL Zeocine (Life Technologies) to obtain Wnt3a-conditioned medium (35) . For Luciferase reporter assays, microscopy, and BN/PAGE, transfections were performed by using the FuGENE6 transfection reagent according to the manufacturer's instructions (Promega). For immunoprecipitations, cells were transfected by using polyethylenimine. siRNA transfections were performed with Dharmafect1 (Dharmacon) transfection reagent, according to the manufacturer's instructions. TMEM59 siRNAs and GAPDH control siRNAs were from Dharmacon and used at a concentration of 10 or 20 nM.
Immunofluorescence and Confocal Microscopy. HEK293T or HeLa cells were grown on glass coverslips coated with laminin (Sigma) in 24-well plates. After overnight transfection, cells were fixed in ice-cold methanol or in 4% , or CLIP-Alexa 547 (Bioke) for 15 min at room temperature (RT). Subsequently, cells were chased for the indicated times at 37°C and fixed in 4% PFA. After being quenched in 50 mM NH 4 Cl and incubated in blocking buffer containing 2% BSA and 0.1% saponin in PBS for 30 min, cells were incubated with primary and secondary antibodies for 1 h at RT in blocking buffer. Cells were mounted in Prolong Gold with DAPI (Life technologies), and images were acquired with Zeiss LSM510 or LSM700 confocal microscopes. Images were analyzed and processed with ImageJ.
EM. Cells were fixed according to the Tokuyasu method by adding 4% freshly prepared formaldehyde (wt/vol) (Polysciences) and 0.4% glutaraldehyde in 0.1 M phosphate buffer (NaH 2 PO 4 and Na 2 HPO 4 , pH 7.4) to an equal volume of culture medium for 5 min, followed by postfixation in 2% formaldehyde and 0.2% glutaraldehyde for 2 h at RT or overnight at 4°C in 0.1 M phosphate buffer (pH 7.4). Processing of cells for ultrathin cryosectioning and immunolabeling according to the protein A-gold method was done as described (78) . Fixed cells were incubated with PBS containing 0.15% glycine, gently scraped, and embedded in 12% gelatin in PBS at 37°C. The cell pellet was solidified on ice and cut into small blocks. For cryoprotection, blocks were infiltrated overnight with 2.3 M sucrose at 4°C and then mounted on pins and frozen in liquid nitrogen. Ultrathin cryosections (70 nm) were prepared on a Leica ultracut UCT ultra cryomicrotome and picked up with a freshly prepared 1:1 mixture of 2.3 M sucrose and 2% methylcellulose. Sections were then immunogold-labeled and examined by using a JEOL TEM 1010 electron microscope at 80 kV.
Luciferase Reporter Assays. Luciferase TOPflash and FOPflash reporter assays were performed as described (77) . Plasmid DNA was transfected in a single well of a 24-well plate as indicated with a total of 250 ng of transfected DNA. Transfection efficiency was controlled and normalized by the addition of a constant amount of TK-Renilla reporter plasmid. Control or Wnt3a-conditioned medium was added 16 h before cells were lysed in passive lysis buffer (Promega). Luciferase activities were measured with the dual luciferase reporter assay (Promega) according to the manufacturer's instructions in a Centro XS 960 microplate luminometer (Berthold). Graphs show average luciferase activities normalized to Renilla values of duplicates with the SDs.
Immunoprecipitation, SNAP Biotin Pull-Down, and Western Blotting. Cells were grown to 80% confluency. After washing cells with PBS, cells were scraped and lysed in cell lysis buffer containing 100 mM NaCL, 50 mM Tris (pH 7.5), 0.25% Triton X-100, 10% glycerol, 50 mM NaF, 10 mM Na 3 VO 4 , 10 μM leupeptin, 10 μM aprotinin, and 1 mM PMSF. Lysates were cleared by centrifugation at 16,000 × g for 15 min at 4°C. Lysates were taken up in SDS sample buffer. For immunoprecipitation, lysates were incubated with the indicated antibodies at 4°C for 2 h or overnight, followed by incubation with protein G beads (Millipore) or protein A beads (Repligen) for 1 h. For Flag-immunoprecipitations, precoupled Flag-M2 beads (Sigma) were added to lysates and incubated overnight at 4°C. After washing, beads were eluted with sample buffer and heated for 5 min at 100°C or incubated at 37°C for 30 min in the case of FZD5 analysis. For SNAP-biotin pulldowns, cells were incubated with 1 μM SNAP-biotin for 15 min at room temperature. After washing with RPMI, cells were chased for the indicated time periods. Lysates were prepared as described above and incubated with streptavidin-agarose (Thermo Fisher Scientific) for 3 h or overnight. After SDS/PAGE, proteins were transferred via Western blotting onto Immobilon-FL PVDF membranes (Milipore). After blocking with Odyssey blocking buffer (LI-COR), proteins were labeled with the indicated primary antibodies that were detected with goat anti-mouse/rabbit Alexa 680 (Invitrogen), donkey anti-rat Alexa 680 (Invitrogen), or goat anti-mouse/rabbit IRDye 800 (Rockland) by using an Odyssey Infrared Imaging System (LI-COR).
siRNA Screen for Wnt Pathway Regulators. A total of 1 pmol of On-target plus siRNAs for the selected targets (Dharmacon) was spotted in 96-well plates. A total of 10 μL of RMPI containing 0.2 μL of Dharmafect1 transfection reagent was added to the wells and incubated for 30 min. A total of 80 μL of a 200,000 cells per mL of RPMI (Life Technologies) and 10% FCS (Sigma) cell suspension were added to the wells. After 48 h, the cells were transfected, stimulated with Wnt3a, and analyzed according to the Luciferase reporter protocol described above. All knockdowns were performed in triplicate on distinct plates, each containing two control siRNAs (GAPDH). The effects on Wnt pathway activity were determined by dividing the sample measurements by the two controls from the same assay plate and calculating the average and SD of all sample/control ratios. A level of 35% up or downregulation, compared with the controls, was set as the threshold for pathway regulation. Hit selection was performed using the unrounded values.
BN/SDS/PAGE. Cells were grown to 80% confluency in 10-cm dishes, scraped in PBS, and pelleted. Cells were resuspended and lysed in 600 μL of BN-PAGE buffer (pH 7.0), containing 20 mM Bis-Tris, 20 mM NaCl, 500 mM e-aminocaproic acid, 2 mM EDTA, 10% glycerol, 0,1% Triton X-100, 10 μM leupeptin, 10 μM aprotinin, and 1 mM PMSF. Lysates were centrifuged at 16,000 × g for 30 min at 4°C. Supernatants were collected and subjected twice to buffer exchange using fresh BN-PAGE buffer and 30 K buffer exchange columns (Millipore). Samples were concentrated to a final volume of 120, and 20 μL was loaded on a 4-12% Bis-Tris NativePAGE gel (Life Technologies). NativeMark unstained protein standards (Life Technologies) were used to determine complex size. Gel runs were performed overnight at 22 V by using Native-PAGE anode and cathode buffers (Life Technologies). BN-PAGE gel slices were excised and incubated for 45 min at 37°C in 2D sample buffer containing 12.5 mM Tris (pH 6.8), 4% SDS, 20% glycerol, 0.02% bromophenol blue, and 2.5% β-mercaptoethanol. The NativeMark gel slice was fixed and destained in 40% methanol and 10% acetic acid. Sample gel slices were placed on 2D-preparative SDS/PAGE gels, and electrophoresis was performed at 10 mA. Western blotting was performed according to standard procedures.
For analysis of the Wnt receptor complex, cells were grown to 80% confluency in 625-cm 2 cell culture dishes. Four dishes per sample were used for the analysis of the complex of overexpressed receptors. Seven dishes per sample were used for the analysis of the endogenous Wnt receptor complexes. Cells were stimulated for 4 h with Wnt3a-iFlag-conditioned medium, washed with 25 mL of PBS, scraped in 6 mL of PBS per plate, and collected. Cell pellets were thoroughly resuspended and lysed for 1 h in cell lysis buffer containing 100 mM NaCL, 50 mM Tris (pH 7.5), 0.25% Triton X-100, 10% glycerol, 50 mM NaF, 10 mM Na 3 VO 4 , 10 μM leupeptin, 10 μM aprotinin, and 1 mM PMSF. Cell lysates were cleared by centrifugation for 20 min at 20,000 × g at 4°C. Cleared lysates were incubated with 75 μL of precoupled anti-Flag M2 beads (Sigma) overnight at 4°C. After collection of the beads, the lysates were incubated with new anti-Flag beads for 3 h. All beads were collected, transferred to Eppendorf tubes, and washed four times with cell lysis buffer and three times with PBS. Native, Wnt3a-associated complexes were eluted from the washed beads by incubation with 450 μL of elution buffer containing 10 mM Tris (pH 7.4), 0.2% Triton X-100, and 166 μg/mL Flag peptides (Sigma) for 90 min at 37°C. After collection of the eluates, fresh elution buffer was added to the beads, and elution was performed another time. Eluates were pooled, and the buffer was exchanged for BN-PAGE buffer by using 10 K centrifugal filter units (Millipore). BN/SDS/PAGE analysis was performed as described above.
